1. The progressive development of resistance to reactivation by an oxime ('aging') shown by a series of alkyl methylphosphonyl-acetylcholinesterases is slow when the alkyl group is a primary alcohol, whether or not the carbon chain is branched, but is much more rapid if the alkyl group is a secondary or cyclic alcohol. 2. Aging is accelerated by increase of temperature or decrease of pH. 3. Aging is inhibited by the quaternary amine N-methylpyridinium iodide. 4. The results are discussed in relation to the role played by aging in the therapy of poisoning by organophosphorus compounds.
Organophosphorus compounds inactivate acetylcholinesterase (EC 3.1.1.7) by phosphorylating the enzyme. The inactive enzyme can usually be dephosphorylated by reaction with quaternary pyridine aldoximnes, which thus restore the activity of the enzyme. If the inactivated enzyme is kept at room temperature for some time, the proportion of reactivatable enzyme becomes progressively less (Davies & Green, 1956 ). This spontaneous transformation of inactivated but reactivatable enzyme into a form that is resistant to the action of nucleophilic reagents, particularly oximes, has been termed 'aging' (Jandorf, Michel, Schaffer, Egan & Summerson, 1955) .
The rate of aging appears to differ with the nature of the alkylphosphoryl group; but only a limited number of studies have been reported, from which it appears that the decreasing order of rates of aging is dimethylphosphoryl, di-isopropylphosphoryl, isopropyl methylphosphonyl and diethylphosphoryl, these being the groups attached to the enzyme (Davies & Green, 1956; Hobbiger, 1956; Vandekar & Heath, 1957) .
In the present work, some of the factors influencing the rate of aging have been more extensively examined, in particular the effect of the structure of the alkyl group in a series of alkyl methylphosphonyl-acetylcholinesterases. This is important, since branching on the ac-carbon atom, especially when accompanied by branching elsewhere in the chain, increases the aging rate greatly, compared with the corresponding straight-chain derivatives. The effects of temperature and pH have also been examined.
MATERIALS AND METHODS
Organophoshoru8 cmpounds8. A series of freshly prepared alkyl methylphosphonofluoridates were used. All were more than 98% pure according to the Schoenemann method (Marsh & Neale, 1956 Finally the packed cells were haemolysed with water to a total of 5vol. The pH of the haemolysate was 7-1-7-3.
In some experiments the pH of the haemolysate was adjusted to different required values by adding a few microlitres of N-NaOH with magnetic stirring while observing the pH with the glass electrode. The effect of N-methylpyridinium iodide on aging was measured by adding 0-01 vol. of concentrated solution to both the control and inhibited haemolysates.
The haemolysate was placed in a bath at 250 or 35°.
After allowing exactly 10min. for temperature equilibration a 6ml. sample was transferred to a stoppered flask containing 0-67ml. of alkaline TMB-4 solution. Further samples were transferred at intervals. If (Michel, 1949) .
To allow for spontaneous loss of activity of the enzyme and for spontaneous reactivation, control samples were run in which 0-9% NaCl replaced the organophosphorus compound or the TMB-4 solutions respectively. The percentage reactivation was: 100 x E-E, where E was the activity of the enzyme in the absence of organophosphorus compound, E, was the activity of the enzyme after inactivation and Er was the activity of the inactivated enzyme after treatment by TMB-4. The inhibitory effect of 1 mM-TMB-4 did not exceed 5% and was neglected. The greater inhibitory effect of N-methylpyridinium iodide was allowed for by including it in the controls.
Preliminary experiments in which the activity of the enzyme was measured by continuous titration at constant pH showed that the reactivation of the inactivated acetylcholinesterase by TMB-4 took place in two stages. The first was completed in about 10min. and the second was much slower. For example, after inhibition by ethyl methylphosphonofluoridate O-lmm-TMB-4 gave 75% reactivation in 10min., which increased to 82% by 60min.; after inhibition by the isopropyl (1-methylethyl) homologue, O-lmm-TMB-4 gave 62% reactivation in 10min., which increased to 73% by 90min.; and after inhibition by the 1,2-dimethylpropyl homologue, 1 mM-TMB-4 gave 33% reactivation in 10min. with no further increase by 120min. A standard time of reactivation of 30min. was therefore chosen to ensure completion of the first stage but negligible progress of the second. By the present methods a concentration of lmi-TMB-4 produced 65-100% reactivation of the freshly inhibited enzyme, depending on the organophosphorus compound used, but less than 5% inhibition ofthe normal enzyme, and was thus adequate to ensure good reactivation without necessitating correction for inhibition of the reactivated enzyme.
The increase in activity caused by TMB-4 after aging for a given time was assumed to be a constant proportion of the reactivatable inhibited enzyme and was taken as the measure of reactivatable enzyme. When the logarithm of the increase was plotted against time of aging a straight line was obtained, from which the time to age 50%, i.e. the half-life of the inhibited enzyme, was calculated.
RESULTS
Influence of the alkyl group on the rate of aging.
The half-lives of a series ofalkyl methylphosphonylacetylcholinesterases during storage at 250 are shown in Table 1 . The primary alkoxy derivatives showed considerable spontaneous reactivation, whereas the others showed little or none (the method of calculating oxime-induced reactivation allowed for spontaneous reactivation). The alkylphosphonylated enzyme has two routes of breakdown, aging and spontaneous reactivation, and these results show that the nature of the alkyl ester group determines which one predominates.
Effect of temperature on aging. Increase in temperature accelerated aging. The temperature coefficients, defined as the ratio of the rate at 350 to the rate at 250, for some alkyl methylphosphonyl-acetylcholinesterases were: isopropyl, 4-9; n-propyl, 3-1; 2-methylpropyl, 3-2; 1,2-dimethylpropyl, 2-8. These values suggest that the coefficient varies with the alkyl group.
Effect of pH on aging. The effect of varying the pH on the aging of 1,2-dimethylpropyl methylphosphonyl-acetylcholinesterase is shown in Fig. 1 . The linear relationship between pH and the logarithm of the first-order rate constant shows that the process is acid-catalysed.
Reactivation of acetyicholinesterase inhibited by
Soman. In the experiments just reported it was not possible to measure the aging of Somaninhibited acetylcholinesterase because it could not be reactivated. The results of the study on the effect of pH suggested that it might be possible to demonstrate aging by increasing the pH; and, since aging at physiological pH during the preliminary manipulation might still be very rapid at 00, it was thought necessary to carry out both inhibition and washing at a high pH. Accordingly a suspension of erythrocytes was brought to pH9, cooled and treated with a concentration of Soman ten times that previously used. After washing and haemolysis the pH had fallen to 8-5, and to mini- mize aging reactivation was carried out without further adjustment of pH towards 7-2. When reactivation was carried out as soon as the temperature reached 250 a small but significant increase in activity from 2% to 15% was observed, but after keeping for 30min. at 250 no reactivation could be demonstrated. The half-life would thus be lOmin. or less at pH8-5-9, and if the effect of pH were as in Fig. 1 the half-life at pH 7*2 would be 2min. or less.
In later experiments with the Warburg method it was possible to produce measurable reactivation at 380 by adding a mixture of acetylcholine (7.3mn) and 2-hydroxyiminomethyl-N-methylpyridinium methanesulphonate (10mM) lmin. after a concentration of Soman just sufficient to produce 95% inhibition in this time. The Soman was not removed, and under these conditions the half-life of the inactivated reactivatable enzyme was 1-7min.
Effect of N-methylpyridinium iodide on the rate of aging of 8ome alkyl methylphosphonyl-acetyicholinesterase&. It has been shown that substitution on the ac-carbon atom of the alkyl group results in considerable acceleration of aging, and additional substitution on the ,8-carbon atom, so that the structure spatially resembles choline, gives further acceleration. This led to the idea that the anionic site of the enzyme is in some way involved, and preliminary experiments with N-methylpyridinium iodide, which inhibits the hydrolysis of acetylcholine by the normal enzyme, appear to confirm this. Table 2 shows that various coneentrations of N-methylpyridinium iodide inhibit the aging of the inactivated enzyme formed from 1,2-dimethyl-574 1966 9 AGING OF PHOSPHONYLATED CHOLINESTERASES Table 2 . Effect of N-methylpyridinium iodide on the rate of aging of 8ome alkyl methylpho8phonyl-acetylcholine8terases, and on the activity of the native enzyme, at 250 and pH 7-2 The activity of the native enzyme was measured by the Warburg method with 7 3mM-acetyleholine as substrate. -, Not measured.
Rate of aging with alkyl groul (% of Aging in vitro at pH 7.1-7.3 proceeds at a finite rate, which is sometimes very rapid; for example, the half-life of the 1,2-dimethylpropyl methylphosphonyl-enzyme at 350 is only 3-4min., and of the Soman-inhibited enzyme probably less than 2min. as suggested by two independent approaches. The first involved direct measurement but without removal of excess of Soman. The second involved inference from observations made at an unphysiologically high pH. The relevance of these observations might be questioned on the grounds that at this high pH both the attachment of the inhibitor to the enzyme and the reactivation process are qualitatively changed; however, in previous studies' of this kind (Davies & Green, 1956 , 1958 Hobbiger, 1956 ) it has been assumed that essentially the same processes occur, and that the effect of pH is merely to influence the degree of ionization of the reacting molecules.
Whether aging is fast enough in any given instance to influence the treatment by oximes of animals poisoned by organophosphorus compounds can be assessed only indirectly. The key question is: what is the minimum amount of acetylcholinesterase in vital organs required to maintain life? Barstad (1960) has suggested 10-15% in rat diaphragm. The problem in therapy is whether this amount can be regenerated by the concentration of oxiime reaching an organ from a therapeutically tolerable dose in competition with aging. After intramuscular injection of some of these organophosphorus compounds the first signs of poisoning are observed in 5-30min., depending on the dose. Slow aging that occurs in poisoning by an organophosphorus compound derived from a primary alcohol is not important. Aging after poisoning by isopropyl methylphosphonofluoridate (Sarin) is also unimportant, since the half-life of the inactivated enzyme is about 2*5hr. at body temperature. It is probably critical in poisoning by some of the other 8ec.-alkyl derivatives because it is so rapid in comparison with the rate of onset of lethal processes, and may be the primary factor in poisoning by Soman.
The possibility of exploiting for therapeutic purposes the inhibition of aging by N-methylpyridinium iodide has been considered. Table 2 shows that, to do this, enough N-methylpyridinium iodide would have to be used to inhibit a large 
